Introduction
Printable organic electronic and photonic devices are beginning to reach a performance where a wide range of commercial applications are viable. [1] [2] [3] [4] The complete development and integration of such devices into useful applications requires a compatible power supply to contribute the driving energy. Portable applications are envisioned to be powered by solar cells, [5] [6] [7] [8] [9] [10] batteries, [11, 12] or even by wireless inductive transfer, [13] whereas fixed applications, such as general lighting, [14] [15] [16] [17] [18] [19] signage [18, 20, 21] and electrochromic windows, [10, 22, 23] would instead benefit of being connected to the AC mains power via a low-cost, light-weight, thin and environmental-friendly power converter. This converter should in addition preferably be printed or coated onto the same substrate as the device it is going to power, using similar solution-based processes in order to keep the cost of production at a minimum.
Power converters that are driven from the AC mains depend on a constituent rectifier that can handle the high input voltage (V AC = 115 or 230 V) while delivering a high current and high rectification during long-term operation. Organic Schottky diodes use a metal/organicsemiconductor junction for the rectification, and have demonstrated functional highfrequency operation and found application in, e.g., radio-frequency identification (RFID) tags. [24] [25] [26] Organic Schottky diodes can, however, not commonly tolerate the high input voltage provided by the AC mains, [27] and, to the best of our knowledge, no organic diode that can handle >60 V has been reported. The unfortunate fact is that the stable handling of a high input voltage is very challenging for solution-processed organic-semiconductor films in general, and comparatively little attention has been geared towards solving this issue for the development of functional and low-cost organic power converters. [28] [29] [30] [31] [32] In order to address this need, we have designed and fabricated a set of power converters based on solution-processed high-voltage organic field-effect transistors (OFETs), which are capable of converting an AC mains input of V AC = 230 V, f = 50 Hz, into a selectable rectified output voltage. As a design and application example, we present the successful driving of an organic light-emitting electrochemical cell (LEC) device to high luminance and efficiency by the small-footprint power converter. We also present a systematic study on how the power converter should be designed for different tasks and identify a low-complexity option fit for the connection to the V AC = 115 V AC mains and a higher-complexity option adopted for high-performance operation from the V AC = 230 V AC mains.
Material and methods

The organic field-effect transistor
The glass substrates (Eagle XG, Thin Film Devices) were cleaned by ultra-sonication for 10 min in isopropanol, blown dry with compressed air and dried in an oven at 120 °C.
Interdigitated source and drain electrodes comprising 25 nm Cr and 25 nm Au, were patterned (L G = 50 µm and W D = 55.1 mm) with a UV-lithographic lift-off process. After patterning the substrates were cleaned by ultra-sonication in isopropanol for 10 min, blown dry with compressed air, and dried in an oven at 120 °C. Poly(3-hexylthiophene-2,5-diyl) (P3HT, regio-regular M n = 54,000 -75,000 g mol -1
, Sigma-Aldrich) was dissolved in chlorobenzene (anhydrous, Sigma-Aldrich) at a concentration of 10 mg ml -1 and stirred on a hotplate at 50 °C for 16 h. Poly(methyl methacrylate) (PMMA, M W = 996,000, Sigma-Aldrich) was dissolved in butyl acetate (anhydrous, Sigma-Aldrich) at a concentration of 70 mg ml -1 and stirred on a hotplate at 70 °C for 16 h. A P3HT film was spincoated onto the prepatterned OFET substrates at 2000 rpm for 60 s, and thereafter annealed at 120 °C for 15 min on a hotplate. The PMMA was spincoated on top of the P3HT film at 600 rpm for 60 s, and thereafter at 4000 rpm for 20 s. The spincoated films were dried on a hotplate at 70 °C for 16 h. The thickness of the P3HT and PMMA films were 35 and 2500 nm, respectively, as measured using a stylus profilometer (DektakXT, Bruker). A 100 nm thick Al gate electrode was thermally evaporated onto the PMMA film through a shadow mask. The OFET devices were encapsulated with a cover glass by UV-curing an epoxy (E131, Ossila) by 10 min exposure in a UV-box. The OFET-based devices were characterized with a Keithley 4200-SCS measurement system. The µ h and V T were extracted from the 3-terminal transfer data in the saturation regime by fitting equation (1) and using ε r = 3.8 for PMMA:
The light-emitting electrochemical cell
Indium tin oxide (ITO) coated glass substrates (20 Ω sq -1 , Thin Film Devices) were cleaned by ultra-sonication for 10 min in detergent, DI-water, acetone and isopropanol. Superyellow (SY, trade name: PDY-132, Merck) was dissolved in cyclohexanone (Sigma-Aldrich) to a concentration of 10 mg ml -1 and stirred on a hotplate at 50 °C for 24h. Hydroxyl-capped trimethylolpropane ethoxylate (TMPE-OH, M n ~450, Sigma-Aldrich) and KCF 3 SO 3 (SigmaAldrich) were dissolved in cyclohexanone at a concentration of 10 mg ml -1 . The LEC ink was blended in a SY:TMPE-OH:KCF 3 SO 3 mass ratio of 1:0.1:0.03 followed by a further dilution by adding 44 vol% cyclohexanone. The LEC ink was spin-coated onto the ITO-coated glass substrates at 2000 rpm and the resulting film dried at 70 °C for 4 h. The 100 nm thick Al cathode was deposited by thermal evaporation. The overlapping ITO anode and Al cathode defined a light-emitting area of 2×2 mm 2 . The LECs were encapsulated with a cover glass by using a UV-curable epoxy (E131, Ossila) exposed for 10 min in a UV-box. The LEC and OFET device fabrication were executed under inert N 2 atmosphere ([O 2 ] < 5 ppm and [H 2 O] < 1 ppm).
The converter
The diode-configured (DC) DC-OFET was realized by short circuiting the drain and the gate electrodes to form a 2-terminal device. The input AC voltage was regulated by a variable transformer (Iskra) and each measurement was initiated by rapidly increasing the input voltage from 0 V to either V AC = 115 V or V AC = 230 V during a time period of ≈1 s. The temporal LEC voltage during rectifier driving was measured with a Picoscope 2203 (Pico Technology) measuring at a sampling rate of 10 kS s -1
, and the LEC current was extracted by measuring the temporal voltage over a 10 Ω resistor, in series with the LEC, and by using Ohm's law. The luminance was measured with an eye-response photodiode (BPW21, Osram) connected to a Keithley 4200-SCS, with the NPLC integration time set to 10. The photodiode response was calibrated with a Konica Minolta LS-110 luminance meter. The operation of the rectifier and the LEC was performed in ambient atmosphere. The selected power converter constitutes a linear design, and its generic circuit diagram is presented in figure 1(a). It consists of three defined sub-circuit elements for (i) rectification, (ii) smoothing and (iii) regulation of the output voltage, which will be developed and discussed below. The converter output is herein utilized for the driving of a load in the form of a LEC device.
The task of rectification is commonly performed with a conventional two-terminal diode in order to force the current to pass in only the "forward" direction. However, in order to work off the AC mains power, such a rectifying diode will need to be able to sustain the entire peak voltage (V peak ) of the AC mains input without breaking down. For the V AC = 230 V mains, this corresponds to V peak ≈ 325 V. This high tolerance is difficult to achieve with an organic diode, as these devices typically only operate reliably in the <20 V range without breaking down. [24, 26] For this reason, we have instead made use of a three-terminal high-voltage OFET, with its gate and drain electrodes short circuited, for the task of current rectification. The inset in Figure 1 (d) presents the connection diagram of the two-terminal diode-configured DC-OFET, with the gate (G), drain (D) and source (S) electrodes identified. When appropriately contacted, it will only pass a current in the forward direction when the input voltage is larger than the transistor threshold voltage (V T ) and feature a low sub-threshold current at reverse voltage. An important advantage with the DC-OFETs is that the breakdown voltage is determined by the properties of the insulating gate dielectric, specifically its dielectric strength and thickness, rather than the current-carrying active material.
We have fabricated and characterized top-gate, bottom-contact DC-OFETs with insulating poly(methyl methacrylate) (PMMA) as the dielectric and the semiconducting conjugated polymer poly(3-hexylthiophene-2,5-diyl) (P3HT) as the active material. A schematic of the device structure of the DC-OFET on a glass substrate is disclosed in figure 1(b). The source and drain Au electrodes were patterned into an interdigitated structure by photolithography for a large channel width (W D = 55.1 mm) and for the sustainment of a high output current. A photograph of the interdigitated source/drain electrode structure is included as the inset in figure 1(c). The active material and the dielectric were sequentially spin coated from solution onto the source and drain electrodes from orthogonal solvents, before the top gate electrode was deposited by thermal evaporation. The device structure was capped off by an epoxy-attached cover-glass to allow for long-term operation under ambient air. [33, 34] The details of the fabrication procedure can be found in section 2.1.
A typical transfer measurement on a 3-terminal high-voltage OFET is shown in figure 1(c) . The extracted hole mobility of the P3HT active material was µ h = 2.6 (±0.1) ×10 -2 cm 2 V -1 s -1 and the threshold voltage of the OFET was V T = 1.7 (±2.3) V. These values are the average of 16 measurements on unique encapsulated OFET devices, and comparable to data for P3HT-based OFET devices in the literature. [33, 35] Importantly, with the thickness of the PMMA dielectric being 2.5 µm, and with the gate and drain terminals shorted with a Ag paste interconnect (see Figure 1(b) ), we could obtain a desired stable rectifying operation from the DC-OFET within an input voltage range of ±325 V, i.e. at ±V peak for the V AC = 230 V mains. Figure 1(d) shows the 2-terminal current-voltage (I-V) trace of the DC-OFET. We call attention to the high current rectifying ratio of 3×10 3 at an input voltage of ±200 V, the high output current of 1.6 mA, and the fact that the encapsulated DC-OFET could be turned on and off under ambient air for prolonged times without a noticeable drop in performance. We have also performed step-input measurements on the 3-terminal high-voltage OFET, and measured typical rise and falltimes of 0.7 ms and 0.1 ms, respectively (figure S1). The necessary switching time of <10 ms for a power converter driven by 50 Hz AC mains should thus be attainable with the corresponding DC-OFET device. The ripple magnitude is determined by the load current (I load ), the switching frequency (f) and the size of the smoothing capacitor and can be estimated through V ripple = I load /(f×C). With a large smoothing capacitor (C = 15 µF; open red triangles), the output from the halfwave-rectification/smoothing circuit is essentially constant, and it delivers a DC voltage of 4.2 V and a DC current of 90 µA over the constant-resistance load. (open red triangles) . The circuit void of the smoothing capacitor produces a doubling of the input frequency to 100 Hz, V peak = 19.4 V and V min = 0 V; whereas the circuit including the large smoothing capacitor delivers a constant output voltage and current of 7.5 V and 160 µA over the load. These results thus demonstrate that the DC-OFET based power converter is capable of transforming a high AC input voltage into a more practical low DC output voltage, and that it can deliver a sizeable output current through a resistive load. It should however be noted that a significant portion of the input power is lost over the transistors. It is thus advisable that future work on the organic power converter should focus on improving the transistor performance, e.g. by employing a higher mobility organic semiconductor [36] , or by enlarging the width of the transistor channel, or by a combination of both.
In this study we selected the load to be driven by the power converter to be a light-emitting electrochemical cell (LEC). It is a thin-film device positioned on a substrate, comprising a blend of a light-emitting organic semiconductor and an electrolyte (i.e. mobile ions) as the active material sandwiched between two charge-injecting electrodes. When a voltage is applied between the two LEC electrodes, the mobile ions in the active material redistribute to form electric double layers at the electrode interfaces, which facilitate for efficient charge injection and electrochemical doping of the organic semiconductor. [37] Electrochemical ptype doping takes place at the positive anode and n-type doping at the negative cathode, and after a "turn-on time" a light-emitting p-n junction has formed in the bulk of the active material. [38] [39] [40] The demonstrated advantages of the LEC, as facilitated by its operation, are that it can comprise of air-stable electrodes, a thick single-layer active material, and that it as a consequence can be fabricated with high-throughput and low-cost solution-based methods. [15, 16, 19, [41] [42] [43] The herein employed LECs comprise an active-material blend of the organic semiconducting polymer Superyellow and an TMPE-OH:KCF 3 SO 3 electrolyte sandwiched between an Al cathode and an indium tin oxide (ITO) anode; details of the device fabrication are available in section 2.2. Figure S2 presents the current-time response of an Al/(Superyellow:TMPE-OH:KCF 3 SO 3 )/ITO LEC, with an active light-emission area of 2×2 mm 2 , and driven by a constant voltage of V DC = 4 V. It reveals that the current increases from 10 nA to 60 µA during the turn-on process, which corresponds to a decrease of the effective device resistance by four orders of magnitude from 400 MΩ to 67 kΩ.
For converter circuits comprising a linear combination of the rectifier and the smoothing sub-circuits, this significant temporal change of the resistance of the LEC load can represent a challenge. More specifically, if the initial high resistance of the LEC is similar to, or larger than, the effective resistance of the rectifier circuit, this will result in that the LEC load is exposed to a detrimental high voltage during turn-on through voltage division between the rectifier sub-circuit and the LEC load. Thus, in order to limit the voltage over the LEC load during the turn-on process, a "regulation sub-circuit" comprising a regulation resistor was connected in parallel to the LEC load (see figure 1(a) ), with the aim of decreasing the effective load resistance during startup. The resistance of the regulation resistor was chosen so that it is markedly smaller than the LEC at t = 0, but significantly larger than the LEC during steady-state light emission. The output voltage will then be limited by the regulation resistor during the initial operation and by the LEC load during the subsequent steady-state operation. An analysis of the LEC operational data suggested that a 470 kΩ regulation resistor could be appropriate for our specific devices. This regulation resistor was included into the converter circuit in all of the subsequent measurements. With the goal of identifying a functional converter design for the efficient driving of LEC devices, a range of different converter circuits based on the half-wave and the full-wave rectifier were investigated. We begin with the half-wave converter that in turn was connected to the V AC = 115 V, f = 50 Hz, input AC mains. Figure 3 (a) and 3(b) present two photographs of a yellow-emitting LEC device driven by a half-wave converter while operating in darkness and under ambient light, respectively. The DC-OFET can be identified as the thinfilm purple device positioned to the right in the photographs, while the regulation resistor is connected via the clamps to the left.
Figure 3. Photographs of a yellow-emitting LEC device driven by the pulsed output from a half-wave converter during operation (a) in darkness and (b) under ambient light. The converter comprised a thin-film DC-OFET rectifier (purple device to the right), a regulation resistor connected via the wires to the left, and it was connected to a V AC = 115 V, f = 50 Hz input. (c) The temporal output voltage of the half-wave rectifier at V AC = 115 V, f = 50 Hz input, as measured over the LEC load at steady-state. The black circles represents pulsed output (C = 0 µF) and the red triangles represents the constant output (C = 15 µF). The dotted line indicates 0 V for clarity. (d-f) The first 1-hour of LEC operation during pulsed driving (circles) and constant driving (triangles), as provided by the half-wave converter.
The temporal behavior of the output voltage over the LEC load at steady state, when driven by two different half-wave converter circuits, is shown in figure 3(c) . The half-wave converter void of a smoothing capacitor (C = 0 µF) produces non-symmetric pulses (black circles) with a positive peak value of +5.6 V and a negative peak value of -1.0 V. The negative component is the result of that a minor current is leaking through the DC-OFET in its offstate. The addition of a 15 µF smoothing capacitor to the converter circuit produces a constant positive output voltage of V DC = 2.8 V (red triangles). For simplicity, the former driving protocol is termed "pulsed" and the latter "constant".
The temporal response of the LEC device during driving by the two different half-wave converters is presented in figure 3(d) -(f), and key data are summarized in Table 1 , but that a higher peak luminance of 150 cd m -2 is obtained during pulsed driving. As the current density is comparable for both operational modes ( figure 3(e) , open symbols), the pulsed driving also results in a higher peak current efficacy of 6.7 cd A -1 (figure 3(e), solid symbols). These findings are in line with previous studies on LEC devices based on ionic transition metal complexes as the light-emitting organic semiconductor, where a pulsed operational protocol, albeit at a much higher frequency, has been reported to result in a high performance. [44] [45] [46] It is plausible that pulsed bias in contrast to constant bias will prohibit the full growth and extension of the doping regions, and that undesired doping-induced exciton quenching reaction as a consequence can be suppressed. [44] [45] [46] [47] [48] [49] However, figure 3(f) shows that the consumed power density (i.e. the product of the current density and the voltage) is notably higher during pulsed driving, which results in that the peak power conversion efficacy is actually better for the LEC driven by the constant bias. We also find that the stability of LECs driven by the pulsed bias from the half-wave converter is rather limited, presumably since the negative voltage transients will produce electrochemical side reactions at the reverse biased electrodes. [50] [51] [52] The AC mains in most of Europe, Africa, Asia, Australia, and South America operate at V AC = 230 V and not at V AC = 115 V, but we find that the stability of the half-wave rectifier converter circuit itself is limited during long-term operation at V AC = 230 V (see figure S3(a) -(c)); presumably since a single DC-OFET device has to carry the entire power load during operation (see figure 1(a) and 2(a)), which can lead to severe self-heating in its active material. With that in mind, we shift our attention to the full-wave converter, as it splits the dissipated power during operation between two serially connected DC-OFETs (see figure 1(a) and 2(c)) and self-heating as a consequence should be less of an issue. For the fullwave converter void of a smoothing capacitor (C = 0 µF), the load voltage features pulses between 0.5 V and 3.8 V appearing at a frequency of 100 Hz (black circles); whereas the converter including a 15 µF smoothing capacitor produces an almost constant voltage of 3.1 V (red triangles). Again, we term these two driving modes as "pulsed" and "constant" for simplicity.
The temporal response of the LEC devices during driving by the two different full-wave converters is presented in figure 4(b)-(d) , and key data are summarized in Table 1 . We find that the pristine LECs turn on fast and reach a luminance of >100 cd m -2 within 8 s, during both pulsed and constant output voltages as provided by the full-wave converter. Overall, the LECs driven by the pulsed output from the full-wave converter performs slightly better than LECs driven by the constant output, as quantified by a higher peak luminance of 360 cd m -2 , a current efficacy of 6.4 cd A -1 and a power conversion efficacy at peak luminance of 5.3 lm W -1
. We observe no signs of LEC degradation during the 1-hour measurement cycle, which is in sharp contrast to the case for the LEC devices driven by the pulsed bias provided by the half-wave converter connected to the same AC mains voltage of V AC = 230 V, f = 50 Hz (see figure S3) . We attribute the improved LEC stability to the removal of negative voltage spikes during the full-wave converter operation. We further note that the LEC devices driven by the full-wave converter in general features an efficiency on par or better than the corresponding devices driven by the half-wave converter, despite being driven at a much higher luminance (see Table 1 ). Finally, we find that the stress stability of the driving circuitry is significantly improved by the utilization of the full-wave converter design over its halfwave equivalent, as deduced from the transistor stability study presented in figure S3(d) .
Based on our above findings, we propose that two particularly viable options exist for the design of an organic-based converter circuit fit for the driving of LEC devices from the AC mains. First, for the connection to AC mains with the lower V AC = 115 V rating, the constant output voltage from a half-wave converter circuit comprising a single DC-OFET connected in parallel with a smoothing capacitor and a protection resistor is attractive due to its lower complexity. Second, for the connection to AC mains with the higher V AC = 230 V rating or for the attainment of a maximum LEC performance, it is instead preferable to employ a fullwave converter circuit comprising four DC-OFETs connected in parallel with a protection resistor.
Finally, in the context of LEC driving, we only find one preceding piece of work. Malliaras and co-workers introduced a notably non-complex approach, when they allowed a large number of "cascaded" LECs to be connected directly to the V AC = 120 V, f = 60 Hz, AC mains through voltage division. [53, 54] While this approach is straightforward, it puts tough restrictions on the appropriate LEC device and circuit design in order to make it compatible with the nonvariable input. The employment of a converter circuit is more general and adaptable as its voltage output can be tuned for the specific input requirements of each specific LEC device and circuit.
Conclusion
A range of different organic-based power converters, based on diode-connected organic transistors in a half-wave or a full-wave configuration, have been designed, tested and evaluated for the driving of light-emitting electrochemical cells. With the input from the high-voltage AC mains (V AC = 230 V, f = 50 Hz), the full-wave converter including a regulating resistor but void of a smoothing capacitor is shown to be capable of driving an LEC device to fast turn on, bright luminance and high efficiency. The demonstration of a functional integrated converter and light-emitting device circuit that is light-weight, thin and potentially low-cost, and which can be driven directly from a normal electrical outlet, promises to be of relevance in a variety of future fixed emissive applications. 3.1 (±1.5)
The devices exhibit a positive, albeit low, V T . The low V T indicates a low density of trap states at the PMMA/P3HT interface, but, as the consequence, an I DS between 1-2 µA is measured through the device at V GS = 0 V. 
